We performed batch dissolution experiments on different sized granite and biotite in pure water, in order to better understand the source and geochemical behavior of fluoride in groundwater. Very high concentrations of fluoride (up to 6-10 mg/l) were observed from granite leaching. Correlations between leached ions suggest that fluoride possibly originates from dissolution of biotite. After ~500 hrs, fluoride concentration gradually decreased because of the supersaturation with respect to fluorite as a result of the build-up of sufficient Ca ions by dissolution of Ca-bearing plagioclase. Biotite dissolution experiments also showed that the fluoride concentrations are controlled by the attainment of fluorite saturation, which depends on the removal of Ca ion by adsorption and/or cation exchange on the surface of clay minerals. In summary, this study indicates that occurrence and behavior of fluorine in groundwater are mainly controlled by fluorite precipitation as a function of Ca concentration which depends on several geochemical processes such as dissolution of Ca-bearing minerals, calcite precipitation, and adsorption and/or cation exchange.
INTRODUCTION
Fluorine (F) is one of the important trace elements for human health, which is obtained mostly by drinking water. Fluorine in natural waters originates dominantly from natural processes and occurs mainly as a free ion (F -) . A concentration of fluoride less than 0.8 mg/l in drinking water may result in dental caries, while high concentrations above 1.5 mg/l may cause an endemic disease called dental fluorosis (Handa, 1975; WHO, 1984; USPHS, 1987; Ripa, 1993) . Many peoples in countries such as India, Mexico, Sri Lanka, Kenya, Tanzania, Ghana, China and Spain have been reported to suffer from fluorosis due to intake of fluoride-rich groundwater (Teotia et al., 1981; Dissanayake, 1991; RGNDW, 1993; Grimaldo et al., 1995; Apambire et al., 1997) .
Evaluating the causes for elevated fluoride concentrations in natural waters entails the identification of the F source, but also the understanding of solubility, transport and sinks for fluoride ion. Thus, a variety of geochemical studies have been performed on various aspects of fluoride in groundwater. In particular, some researchers have studied the relationship between fluoride concentration and water-rock interaction in various aqui-higher in Korea (2.0 mg/l) than the drinking water standard used in most countries (1.5 mg/l). Deep thermal groundwaters in granitic aquifers of South Korea are characterized by very high concentrations of fluoride (median 5.2 mg/l, max 22.3 mg/l) (Kim, 2001) . The fluoride concentration in deep groundwaters in Korea tends to be dependent upon aquifer lithology and well depth (Lee et al., 1997; Kim, 2001) ; the higher fluoride concentrations are typically observed in deeper wells as well as in granitic and gneissic aquifers, a trend which has been recognized in many studies on groundwaters in granitic setting (White et al., 1963; Yun et al., 1998a) . The increase of fluoride concentration toward deeper wells is possibly due to the increase of temperature and residence time with increasing depth, which enhances the dissolution of fluorine-bearing minerals in rocks (Nordstrom et al., 1989; Saxena and Ahmed, 2003) .
In spite of such health-related and geologic aspect of fluoride in groundwater, the geochemistry of fluorine in groundwater environments has not been extensively studied in Korea. Therefore, the sources and causes of high fluoride concentrations in groundwater are still controversial. In this study, we performed laboratory experiments on batch dissolution of granite and biotite under different conditions. The objectives were to identify fluoride sources and to understand the relationships between fluoride concentration and degree of water-rock interaction with specific focus on possible solubility controls of fluorine in groundwater. The results of this study will be helpful for developing groundwater wells for safe drinking in granitic terranes.
METHODS
For this study, simple batch dissolution experiments were designed to simulate the reaction between groundwater and rock/minerals. After reacting granite and biotite with pure water within small batches for variable reaction times, water compositions were analyzed. Procedures of sample preparation, batch reaction, chemical analysis and data analysis are as below.
Sample preparation
A fresh granite sample was collected for this study from the Jungwon area, South Korea. This area was chosen because very high fluoride concentrations (up to 14.1 mg/l) were reported for deep groundwaters in the region (Yun et al., 1998b) . Bedrock in the Jungwon area consists mainly of Precambrian gneiss and Mesozoic granitoids (biotite granite, porphyritic granite and acidic dikes). According to Kim (1985) , the average mineral composition of biotite granite is plagioclase (38.0%), quartz (27.4 vol. %), K-feldspar (26.3%), biotite (6.2%) and muscovite (1.6%). Locally, granite can be more mafic, containing a larger amount of biotite. Our sample contained 14.7 wt. % of biotite, according to the calculation of mineral modes based on X-ray fluorescence (XRF) data (Table 1) . The estimated mode for anorthite (An) in the sample was 16.5%. The fluorine content of the sample was 0.29 wt. % (Table 1) . The sample was crushed and powdered with ceramic ball mills and was then separated into three size fractions using nylon sieves: fraction A (<63 µm), fraction B (125 to 180 µm), and fraction C (250 to 600 µm).
In addition to whole-rock samples, biotite was prepared for batch dissolution experiments. Biotite was separated from crushed biotite granite by magnetic separation and hand-picking and was then powdered with a ceramic ball mill. The powdered biotite was examined for purity by X-ray diffraction (XRD) and was finally sieved into the same fractions as whole-rock samples. Chemical data obtained by XRF analysis showed that the prepared biotite samples had a fluorine content of on average 0.37 wt. % ( 
Batch dissolution experiment, chemical analysis, and data analysis
Simple batch reaction experiments were performed for whole-rock granite samples and pure biotite samples. They were reacted with ultra-pure water (pH 7.0) within tightly capped high-density polyethylene vials (50 mL) at a constant temperature of 25°C in a thermostat. The vials were laterally shaken (200 rpm) in order to homogenize the samples and to facilitate water-to-rock (or mineral) reactions. All batches were designed to have a con- In order to maintain a closed system condition with respect to air, each reaction vial was kept closed before the solution sampling after the desired time. Sampling of the solution (about 50 mL) from reaction vials was undertaken after 5, 24, 48, 90, 144, 300, 500 and 1,200 hrs for granite dissolution experiments and 5, 10, 24, 48, 72, 100, 200, 300 and 500 hrs for biotite dissolution experiments. Because the granite and biotite dissolution experiments were both performed for three size fractions, total numbers of sampled solution were 24 for granite dissolution and 27 for biotite dissolution. The residue in the vial after solution sampling was not used again for further experiments. The obtained solution within each vial was measured for pH using a combined glass/reference micro-electrode after calibration with pH 4.01, 7.00, and 10.01 buffers. The solution was filtered through 0.45 µm membrane filters and was then analyzed for cations and anions by inductively coupled plasma-mass spectrometry (ICP-AES; Perkin-Elmer OPTIMA 3000) and ion chromatography (IC; Dionex DX-120), respectively. Bicarbonate content was measured using an acid titration technique. The accuracy of the analytical procedure was evaluated by checking the sample containers for background concentration by preparing blank samples as well as using duplicate or triplicate sub-samples and standard materials (NIST 2694a Simulated Rainwater and Perkin Elmer Pure Atomic Spectroscopy Standards).
Regression analysis was performed in order to assess whether there were significant correlations among the ionic concentrations obtained. Thermodynamic considerations of the solution chemistry were performed using the computer program PHREEQC (Parkhurst and Appello, 1999) .
RESULTS AND DISCUSSION

Granite dissolution
The results of the dissolution of granite samples are shown in Fig. 1 as the changes of ionic concentrations with time. In the beginning stage (about <150 hrs) of the reaction, the concentrations of most ions including fluoride increased significantly. This indicates that the rate of granite dissolution was very fast during this period, possibly because many dislocations (defects) in the surfaces of constituent minerals were produced during the sample preparation procedure (especially crushing), hence facilitating mineral dissolution (Drever, 1997) . The finest size fraction showed the highest concentrations of leached cations (Fig. 1) because the smaller grain size results in a larger surface area to facilitate the dissolution rate of constituent minerals. Fluoride concentrations in experiments with granite of the finest size fraction (fraction A) approached a maximum value of about 10 mg/l (Fig. 1A) .
The correlation coefficients (r) between leached fluoride and other constituents are summarized in Table 2A . Regardless of the size fraction, fluoride commonly showed a good correlation with K, Na and Ca. These inter-cationic correlations indicate that the chemical composition of the leached solution changed mainly as a result of progressive dissolution of silicate minerals such as plagioclase and biotite. The excellent correlation between fluoride and potassium (r = 0.92) suggests that these two ions originated from the same mineral, most likely biotite.
With increasing reaction time, concentrations of silica, fluoride and some cations except potassium increased continuously as a result of water-granite interaction (Fig. 1 ). Calcium and sodium concentrations increased gradually with time (Figs. 1B and C), suggesting that both ions were supplied continuously by the dissolution of plagioclase. Potassium concentrations initially increased and then remained constant after about 300-500 hrs
Fig. 1. Time-series variations of the concentrations of leached F (in A), Ca (in B), Na (in C), K (in D), silica (in E) and bicarbonate (in F) and of pH (in G) in granite dissolution. The grain size was <63 µm for fraction A, 125 to 180 µm for fraction B, and 250 to 600 µm for fraction C.
( Fig. 1D) , suggesting the dissolution of biotite to supply K ions within the reaction time. Silica concentrations varied between about 10 and 20 mg/l as a result of dissolution of silicates (Fig. 1E ), reflecting the low stability of amorphous silica (as a control of the silica concentration) in water (Appelo and Postma, 1993) . Bicarbonate showed a trend of increased concentration with time ( Fig.  1F) , indicating that dissolution of silicate minerals proceeded gradually. The solution pH increased rapidly to about 9.5 in the beginning stage of experiments due to the consumption of hydrogen ion for dissolution of silicate minerals, and then decreased slightly and gradually and remained around 8 (Fig. 1G) .
Interestingly, the fluoride concentration increased initially and then decreased after about 500 hrs (Fig. 1A) . For this observation, we consider the role of fluorite precipitation in solution. The calcium concentration increased continuously within reaction time (Fig. 1B) , due to continuous dissolution of Ca-bearing plagioclase. Calculation of saturation index (S.I.) showed that the solution approached a saturated or supersaturated state (S.I. ≥ 0) with respect to fluorite (K sp = 10 -10.6 ; Ball and Nordstrom, 1991) after less than 200 hrs for the size fraction A, and at 450-500 hrs for the size fractions B and C ( Fig. 2A) . Calcite saturation (K sp = 10 -8.48 ; Ball and Nordstrom, 1991) was not reached during the reaction time (Fig. 2B) . Therefore, we suggest that fluorite precipitation occurred in the latter part of the experiments and controlled the fluoride concentration in the solution. To induce fluorite precipitation, fluorine and calcium were likely supplied from dissolution of biotite and Ca-bearing plagioclase, respectively.
However, the fluoride concentration could not increase continuously but rather decreased when fluorite started to precipitate in solution after a certain time elapsed, probably because biotite in granite dissolved to supply fluoride in a restricted time range of 300-500 hrs (as suggested by the change of K ion concentration), while Ca ion was continuously and abundantly supplied from Cabearing plagioclase. Therefore, fluoride concentration is likely controlled by the degree of biotite dissolution as well as the fluorite precipitation.
Biotite dissolution
Results of the dissolution of biotite samples are shown in Fig. 3 . Based on the inter-ionic correlations between fluoride and other leached ions, fluoride showed the best correlation with K (r = 0.81; Table 2B ). This trend, which was also observed for the granite dissolution experiments (Table 2A ), indicates that fluoride probably originated from dissolving biotite.
With increasing reaction time, the concentrations of F, K and silica which form the constituents of biotite increased gradually. The fraction A sample (<63 µm) generally showed the highest concentration of fluoride ion (Fig. 3A) , due to its large surface area and hence high reactivity. The increase of fluoride concentration in fraction A was negligible after about 200 hrs, however (Fig. 3A) . After 100-300 hrs, the concentrations of K and silica in experiments with fraction A were lower than those from coarser fractions B and C (Figs. 3B and C) . Interestingly, leached Fe in experiments with fraction A biotite Fig. 1 .
Fig. 2. Time-series variation of the calculated saturation indices (S.I.) of fluorite (in A) and calcite (in B) in leached solution during granite dissolution. The size range of each fraction is the same as in
Fig. 3. Time-series variations of the concentrations of leached F (in A), K (in B), silica (in C), Fe (in D), Ca (in E) and Na (in F) and of pH (in G) in biotite dissolution. The grain size was <63 µm for fraction A, 125 to 180 µm for fraction B, and 250
to 600 µm for fraction C. also decreased quickly (Fig. 3D) . We suggest that such trends observed in the fraction A solution resulted from the formation of amorphous Fe-hydroxides; in fact, the surfaces of biotites in faction A showed a strong brown orange shade with the naked eye after about 200 hrs, suggesting secondary Fe-hydroxide coatings. These coatings possibly inhibit or retard the further dissolution of biotite due to the "protective coating" effects (Velbel, 1993; Murakami et al., 1998) . This may explain the constant fluoride concentrations below about 6 mg/l after about 200 hrs in the faction A experiments (Fig. 3A) .
Ca and Na are minor constituents in biotite. Ca and Na concentrations in the solutions are shown in Figs. 3E and F. Calcium concentrations in experiments with fraction A biotite increased initially and remained constant after 200 hrs. In contrast, Ca concentrations decreased in the second part of experiments with biotite size fractions C and B. Calculation of saturation index indicates that fluorite reached saturation only in the fraction A solution after about 100 hrs (Fig. 4) . Such saturation state in the fraction A likely resulted in concentrations of Ca below about 10 mg/l and F below about 6 mg/l in the latter part of the experiment, as shown in Fig. 3 . On the other hand, fluoride concentrations in experiments with fractions B and C increased gradually throughout the observation period, which suggested that these two solutions were undersaturated with respect to fluorite (Fig. 4) . Here, we should explain the reason for the Ca decrease in the fractions B and C. The role of calcite precipitation could be ruled out because calcite (K sp = 10 -8.48 ) could not precipitate prior to fluorite (K sp = 10 -10.6 ) owing to its higher solubility. Furthermore, the calculated saturation index of calcite was always below zero, indicating an undersaturation of the solution with respect to calcite. Thus, we consider the role of cation exchange or adsorption for Ca removal.
Because Fe-hydroxide precipitates possibly could not form in the fractions B and C within the examined time, the surface of biotites in these solutions could have dissolved to weather to clay minerals. The clay minerals could remove Ca ions by adsorption and/or cation exchange, because their surfaces could be negatively charged under alkaline (pH = 8 to 9; Fig. 3G ) solution. On the other hand, the biotite surface in the fraction A was partly coated by Fe-hydroxides in the latter part of the experiment, which might have resulted in a retardation of biotite dissolution (as reflected by the sluggish increase of SiO 2 , K and Na). The Fe-hydroxides probably had near-neutral surface charge in alkaline solution, because its PZC (point of zero charge) values are around 8.5 (Stumm and Morgan, 1996) . Thus, biotite grains in experiments with biotite of size fraction A did not have the ability to remove Ca ion by adsorption and/or cation exchange. As a result, the fraction A solution could maintain an equilibrium state with respect to fluorite. Thus, we consider that fluorite precipitation only acted to control the concentrations of Ca and F.
Summary and discussion of the experimental results: implication for fluoride in groundwater in South Korea
In the early period of granite dissolution, fluoride concentration in leached water exceeded the Korean Drinking Water Standard (1.5 mg/l) just upon the start of dissolution and then gradually increased up to about 6-10 mg/l. A good correlation between fluoride and potassium ion concentrations indicated that fluoride is likely originated from dissolution of fluorine-bearing biotite in granite. In the second part of the experiments (after about 500 hrs), however, fluoride concentration decreased gradually. This phenomenon was a result of the process called "geochemical divide"; the successive precipitation of fluorite (CaF 2 ) in solution occurred due to the supply of sufficient amount of calcium ions from dissolving Cabearing plagioclase and resulted in increased Ca but decreased F concentrations. Therefore, our present data indicate that fluoride ion concentration in groundwater is controlled by the precipitation of fluorite as a function of Ca concentration in water. Our data also successfully explains the general observations that high fluoride concentrations in a specific region are associated with relatively Ca-poor groundwater.
In the biotite dissolution, fluoride concentration reached up to about 6 mg/l within 500 hrs. However, the increasing rate of fluoride concentration, as well as its absolute concentration, was variable with the size of biotite as follow: (1) the fluoride leached from finer-sized biotite (<63 µm) increased up to about 6 mg/l after about 200 hrs but then was constant, and (2) the fluoride leached from coarser-sized biotites (125-180 and 250-600 µm) progressively increased within the reaction time. The change of dissolved Fe, as well as the observation showing the formation of brownish yellow precipitates, indicates that Fe-hydroxides formed during the dissolution of finer-sized biotite. These Fe-hydroxides partly coated the surface of biotite and thus acted to retard the biotite dissolution with increasing reaction time. As a result, the formation of secondary clay minerals on biotite surfaces was possibly inhibited and therefore the leached Ca ion could not be effectively removed from solution by adsorption or cation exchange. Ultimately in the solution with finer-sized biotite, increased Ca ion possibly formed a saturation state with respect to fluorite. The fluoride concentration therefore remained constant. On the other hand, the surfaces of coarser-grained biotites were dissolved continuously without the formation of Fe-hydroxides and could be converted to clay minerals. Thus, leached Ca ions could be removed by adsorption and/or cation exchange on the surface of clay minerals. Such depletion of Ca ions played an important role to maintain the undersaturation state with respect to fluorite; therefore, the fluoride concentration could increase continuously within the reaction time.
Our results on fluorine geochemistry also agree well with the field observations by Handa (1975) and those of many other researchers; the importance of fluorite precipitation has been suggested for areas where high fluoride concentrations have been observed in relatively Capoor groundwaters (Kilham and Heckey, 1973; Nanyaro et al., 1984; Gaciri and Davies, 1993; Kundu et al., 2001; Sujatha, 2003) . Compared with Na-HCO 3 type groundwater, Ca-HCO 3 type groundwater is known to generally contain lower fluoride (Lee et al., 1997) . Its hydrochemistry is characterized by increased Ca ion concentration with increasing TDS (total dissolved solid) due to the gradual dissolution of carbonate minerals and Cabearing plagioclase in aquifer materials (Yun et al., 1998a, b; Kim, 2001; Sujatha, 2003) . The Na-HCO 3 type groundwaters are generally enriched in fluoride and sodium ions, due to the dissolution of silicates as well as the removal of Ca 2+ by calcite precipitation and cation exchange (Chae et al., 2005; Kim and Yun, 2005) . Based on the results of this study, it can therefore be expected that deep groundwater with higher natural concentration of Ca ion would contain less fluoride than waters with lower Ca, probably as a result of different degrees of saturation with respect to fluorite.
Deep thermal groundwaters in granitic bedrocks of South Korea are classified into two chemical types (Yun et al., 1998a, b; Kim, 2001) : Ca(-Na)-HCO 3 type and Na-HCO 3 type. The Na-HCO 3 type groundwaters tend to be enriched in fluoride and sodium ions, due to the dissolution of silicates as well as the removal of Ca 2+ by calcite precipitation and cation exchange (Chae et al., 2005) . Thus, high fluorine concentration in groundwater in South Korea is usually associated with low Ca levels. In addition, the Na-HCO 3 type groundwaters with higher F concentration have higher Na and silica concentrations, indicating that a larger degree of silicate mineral dissolution in aquifers during their deep and long circulation is related to higher F concentrations. Deep groundwaters with higher natural Ca ion concentrations are expected to contain less fluoride than waters with lower Ca, as a result of different degrees of saturation with respect to fluorite. To examine the relationship between Ca and F concentrations, we collected a total of 149 hydrochemical data of deep groundwaters in granitic bedrocks in South Korea (Fig. 5) . The result shows that groundwaters with higher Ca concentrations (>50 mg/L) are low in F concentration (<5 mg/L), while groundwaters with lower Ca contents belong to the Ca(-Na)-HCO 3 type and are typically enriched in F (up to about 23 mg/L). This trend agrees with our experimental results which showed that the concentrations of leached F during granite dissolution decreased with higher Ca concentrations (Figs. 1A  and B) .
CONCLUSION
In order to understand the source and behavior of fluorine in groundwater in granitic bedrocks, we performed batch dissolution experiments of differently sized (i.e., in the order of coarsening, fractions A, B and C), granite and biotite in pure water for 500-1,200 hrs under a constant water-to-rock (or mineral) ratio (5:1). The experiments on granite dissolution showed that the concentration of fluoride in solution decreased after about 500 hrs, regardless of grain size, likely due to the attainment to saturation or supersaturation with respect to fluorite as a result of Ca supply from dissolving Ca-bearing plagioclase. Biotite dissolution experiments showed two contrasting trends with respect to fluoride concentration in solution: (1) fluoride concentration in the fraction A solution remained constant after about 200 hrs, likely due to fluorite precipitation by the continuous supply of Ca ions; (2) fluoride concentration in experiments with biotite fractions B and C progressively increased, because fluorite could not precipitate possibly as a result of Ca ion removal in solution by adsorption onto and/or cation exchange with secondary clay minerals. Therefore, the results of our granite and biotite dissolution experiments indicate that the geochemical behavior and concentration of fluorine in groundwater are controlled not only by the existence of Ca-bearing minerals (Ca-bearing plagioclase and carbonates) in rocks but also by the fluorite precipitation as a function of the absolute concentration and behavior (removal) of calcium ions in water. Our results may also explain the general observation that high fluoride concentration in a specific region is usually associated with Ca-poor and Na-rich groundwater.
This study suggests that (1) fluoride in groundwater in granitic bedrocks may effectively originate from dissolution of biotite, (2) the concentration of fluoride is largely controlled by the degree of saturation of water with respect to fluorite, which depends on Ca ion concentration, and (3) preferential removal of Ca ions by several geochemical processes in aquifers, such as calcite precipitation, adsorption and cation exchange, may generate high concentrations of fluoride in groundwater. The results of this study will be effectively used to develop groundwater wells for supplying safe drinking water with appropriate fluoride concentrations and also to propose efficient remedial measures for fluoride-rich waters.
